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Abstract Kelvin-Helmholtz instability (KHI) and associated magnetic reconnection and diﬀusion
processes provide plasma transport from solar wind into the magnetosphere. The eﬃciency of this
transport depends on the magnetosheath and magnetospheric plasma and ﬁeld properties at the vicinity
of the magnetopause. Our recent statistical study using data from the Time History of Events and Macroscale
Interactions during Substorms spacecraft indicates that the amplitude of the magnetosheath velocity
ﬂuctuations perpendicular to the magnetopause can be substantial. We have performed a series of local
macroscale 2.5-dimensional magnetohydrodynamic simulations of the KHI during strongly northward
interplanetary magnetic ﬁeld and with the initial plasma parameters typical to the dayside magnetopause
by perturbing the initial equilibrium with time-dependent perpendicular velocity ﬁeld ﬂuctuations. The
eﬀect of the single-mode and multimode seed spectrums at diﬀerent frequencies and amplitudes is
studied. The plasma transport in Kelvin-Helmholtz vortices is quantiﬁed. The results show that when
large-amplitude, low-frequency seed velocity ﬂuctuations exist in the magnetosheath, the resulting
KH waves grow faster, get larger in size, and can transport more plasma through magnetic boundary,
resulting in diﬀusion coeﬃcient of the order 109 m2/s. The relevance of these ﬁndings to the solar
wind-magnetosphere coupling is discussed.
Plain Language Summary Solar wind is magnetized plasma that couples to the near-Earth
magnetic environment due processes that occur at the boundary of the Earth’s magnetic shield
(the magnetopause) and shocked solar wind plasma (magnetosheath). Solar wind properties are highly
variable, and coupling eﬃciency depends on these solar wind and resulting magnetosheath properties.
Giant plasma waves, some 20,000–40,000 km in wavelength (so called Kelvin-Helmholtz waves), can
be excited at the magnetopause by velocity shear. Like surfer waves in the ocean, these waves can
break the Earth’s magnetic shield and carry solar wind plasma through this magnetic barrier. The
present paper shows that when large-amplitude, low-frequency seed velocity ﬂuctuations exist in the
magnetosheath, the resulting KH waves grow faster, get larger in size, and can transport more plasma
through magnetic boundary.
1. Introduction
The solar wind coupling with the Earth’s magnetosphere is not direct because its properties are altered
at the bow shock and can be further modiﬁed by the in situ physical processes in the magnetosheath.
Therefore, the magnetosheath state plays a crucial role in determining the proﬁciency of the mechanisms at
the magnetopause that inﬂuence mass and energy loading of the magnetosphere.
The main processes responsible for the transport of energy, momentum, and mass through the magne-
topause aremagnetic reconnection [Dungey, 1961; SonnerupandCahill, 1967; Russell andElphic, 1978], Kelvin-
Helmholtz instability (KHI) [Miura and Pritchett, 1982; Pu and Kivelson, 1983; Belmont and Chanteur, 1989; Otto
and Fairﬁeld, 2000] and diﬀusive processes [Fujimoto and Terasawa, 1994; Johnson et al., 1997; Johnson and
Cheng, 2001; Cowee et al., 2010].
The KHI is produced by the free energy available due to velocity shear between shocked solar wind andmag-
netospheric plasma. At low-latitude boundary layer it has been observed during northward interplanetary
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magnetic ﬁeld (IMF) [e.g., Fairﬁeld et al., 2000; Hasegawa et al., 2004; Lin et al., 2014], southward IMF
[e.g., Hwang et al., 2011; Yan et al., 2014], and Parker spiral IMF [e.g., Nykyri et al., 2006; Moore, 2012; Moore
et al., 2016] and at high latitude for dawnward or duskward IMF condition [Hwang et al., 2012;Ma et al., 2016].
A recent statistical study using data from the THEMIS (TimeHistory of Events andMacroscale Interactions dur-
ing Substorms) spacecraft observed Kelvin-Helmholtz waves ∼19% of the time from all the magnetopause
crossings [Kavosi and Raeder, 2015]. KHI has gained more interest during recent years because it has been
shown to facilitate signiﬁcant plasma transport across the magnetopause by producing magnetic reconnec-
tion as a secondary process [Otto and Fairﬁeld, 2000; Nykyri andOtto, 2001; Nykyri et al., 2003, 2006; Hasegawa
et al., 2009]. In two dimensions, the plasma transport occurring due to reconnection in KH vortices has been
quantiﬁed using both MHD and Hall-MHD-based plasma models [Nykyri and Otto, 2001, 2004]. These results
demonstrate that reconnection inside KH vortices can transport magnetosheath plasma into the magneto-
sphere with a transport velocity of ∼1–2 km/s, corresponding to a diﬀusion coeﬃcient of order 109 m2/s.
This rate is adequate in forming cold, dense plasma sheet during northward IMF conditions on the timescales
observed by Fujimoto et al. [1998]. In its nonlinear stage, KHI can develop thin boundaries of the ion inertia
scale [Nykyri and Otto, 2004], which enables additional transport via ion diﬀusion [Cowee et al., 2010].
MHDsimulations have shown that the fastest growingKHmodehas awavelength,𝜆, proportional to the shear
ﬂow layer thickness (Δ) 𝜆 = (2 − 4)𝜋Δ [Miura and Pritchett, 1982]. The short-wavelength modes grow faster
and saturate at smaller amplitude than long-wavelength modes. These small vortices can coalesce nonlin-
early creating larger-scale vortices leading to an inverse cascade of wave power [Winant and Browand, 1974].
The 2-D idealMHD study of the KHI byMiura [1997] showed that the large-scale vortices are created due to lin-
ear growth of the subharmonic modes. However, the 2-D MHD and particle-in-cell simulations ofMatsumoto
and Seki [2010] indicate that signiﬁcantly larger growth of subharmonics occurs when a broad spectrum of
subharmonics is included.Matsumoto and Seki [2010] show that rapid formation of a broad plasma turbulent
layer can be achieved by forward and inverse energy cascades of the KH instability. The forward cascade is
triggered by growth of the secondary Rayleigh-Taylor instability excited during the nonlinear evolution of the
KH instability. The formation of secondary instabilities (secondary KH and Rayleigh-Taylor instability) is driven
by the centrifugal force of the rotating ﬂuid, leading to a broad mixing layer [Matsumoto and Hoshino, 2004,
2006; Nakamura et al., 2004; Cowee et al., 2009, 2010]. These processes rapidly broaden the boundary layer
and transport mass, momentum, and energy across the boundary.
The cold-component dawnside plasma sheet ions are hotter and denser by 30–40% when compared to the
duskside [Wing et al., 2005], which is indicative of the asymmetry in the entry mechanism or in the magne-
tosheath source plasma or both. However, statistically, the ion temperatures downstreamof the quasi-parallel
shock are only about 15% higher than downstream of the quasi-perpendicular shock [Dimmock et al., 2015],
which is not suﬃcient for explaining the level of asymmetry present in the plasma sheet. Ion gyroradius-scale
waves also exhibit dawn-favored asymmetry at the magnetopause, which could generate additional heating
and transport [Yao et al., 2011].
It is well known that foreshock and magnetosheath downstream of the quasi-parallel shock are abundant
with various plasma wave modes [Eastwood et al., 2011, 2003, 2004, 2005; Blanco-Cano et al., 2006]. Dimmock
et al. [2014] showed that the amplitude of magnetic ﬁeld ﬂuctuations in the range of 0.1–2 Hz in the dayside
magnetosheath is larger on the quasi-parallel (dawn) ﬂank during a Parker spiral IMF orientation, while dur-
ing southward IMF there is no clear dawn/dusk asymmetry. The ﬂuctuation amplitude is also enhanced for
periods of fast solar wind conditions [Dimmock et al., 2014]. This strongly suggests that the IMF orientation
and prevailing upstream shock geometry play crucial roles in dictating the magnetosheath ﬂuctuation prop-
erties. These ﬂuctuations and waves may directly impact magnetosheath plasma heating via wave particle
interactions [Dimmock et al., 2015] and also indirectly by exciting macroscopic KHI more easily on the ﬂank
where the seed ﬂuctuation amplitude is larger. Also, the smaller magnetic ﬁeld line tension occurs statisti-
cally in the dawn ﬂank magnetopause [Dimmock and Nykyri, 2013], which makes KHI growth slightly faster at
the dawn ﬂank according to MHD simulations [Nykyri, 2013]. The study by Taylor et al. [2012], which observed
more KHevents at the dusk ﬂank, is not in contrastwith these results, because formanyof their events the hor-
izontal IMF was in the ortho-Parker spiral orientation, generating smaller magnetic ﬁeld tension at the dusk
magnetopause when compared to the dawn sector.
The Kelvin-Helmholtz waves are important not only for plasma transport but also for causing ultralow fre-
quency (ULF) magnetospheric pulsations [e.g., Claudepierre et al., 2008]. The continuous ULF pulsations
according to Jacobs et al. [1964] are classiﬁed in ﬁve categories: 0.2–5 Hz (Pc1), 0.1–0.2 Hz (Pc2), 22–100mHz
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Figure 1. Statistical maps presenting 7 years of THEMIS measurements of the mean peak-to-peak amplitude of
perpendicular velocity ﬂuctuations in the magnetosheath interplanetary medium (MIPM) reference frame for (left) all,
(middle) fast, and (right) slow solar wind. The “perpendicular” ﬂuctuation is deﬁned with respect to the average
magnetosheath ﬂow vector for each THEMIS 3 min data interval. Because the average ﬂow in the magnetosheath is
closely tangential to the closest, local magnetopause boundary, these ﬂuctuations can be approximated as being
perpendicular to the local magnetopause. The details of the frame and data processing can be seen in Appendix A.
(Pc3), 7–22mHz (Pc4), and 2–7mHz (Pc5). The fastest growing KHI has an angular frequency of𝜔 ≈ vshear∕2Δ,
where Δ is the velocity shear layer thickness [Miura and Pritchett, 1982]. This coincides with Pc3–Pc5 range
geomagnetic ﬂuctuations. It has been shown that the Pc5 power statistically favors dawn sector magne-
topause [Nosé et al., 1995; Nykyri and Dimmock, 2016]. The toroidal mode Pc5-range ULF oscillations are
fundamentally important as they can accelerate electrons at the radiation belts [Elkington et al., 1999].
The magnetospheric ULF ﬂuctuations can be also produced by dynamic pressure variations of the solar wind
[Korotova and Sibeck, 1995; Matsuoka et al., 1995; Kepko et al., 2002; Kepko and Spence, 2003]. Claudepierre
et al. [2010] studied the eﬀect of idealized ULF dynamic pressure ﬂuctuations embedded in the upstream
solar wind in a global MHD simulation [Lyon et al., 2004]. Authors concluded that the monochromatic solar
wind dynamic pressure ﬂuctuations can generate toroidal mode ﬁeld line resonances where the upstream
frequency matches a local ﬁeld line eigenfrequency. A similar technique has been used by McGregor et al.
[2014], who studied the eﬀect of the Alfvénic solar wind ﬂuctuations on the magnetosphere. Their results
indicate that the solar wind Alfvénic ﬂuctuations enhance low-frequency perturbations along the ﬂanks and
generate ULF waves in the dayside magnetosphere. Recently, Osmane et al. [2015] statistically demonstrated
that for both northward and southward IMF, the IMF ﬂuctuations with high power in Bz component produce
greater level of geomagnetic activity on timescales consistent with viscous processes, such as KHI.
Usually, in local simulations the linear growth of the KHI is studied by applying a small incompressible spatial
velocity perturbation (of ≈1–2 km/s) to the initial equilibrium [Chen et al., 1997]. Most of the KH stud-
ies cited above study the evolution of the single KH mode and use a spatially conﬁned time-independent
NYKYRI ET AL. VELOCITY SEED SPECTRUM IMPACT ON THE KHI 9491
Journal of Geophysical Research: Space Physics 10.1002/2017JA024374
incompressible velocity perturbation of the order of 1–2 km/s. However,Matsumoto and Seki [2010] studied
the eﬀect of a continuous, spatial velocity perturbation spectrum including the fastest growing KH mode as
well as its higher and lower harmonic modes. Their simulations showed that the inverse cascade is accom-
plishedbynonlinearmode couplings among the KHunstablemodes.While the fastest growingmodeobeyed
the linear growth rate, the growth rate of the longest wavelength allowed in the system was larger than
expected from linear growth due to the mode couplings between the higher harmonic modes.
Figure 1 presents a statistical map of magnetosheath velocity ﬂuctuations as measured by THEMIS spacecraft
constellation. As illustrated by a statistical study in Figure 1 (see caption for details), the velocity ﬂuctua-
tions perpendicular to the magnetopause in the magnetosheath can be substantial: 20–50 km/s for slow
(Vsw < 400 km/s) and 40–80 km/s for the fast (Vsw > 400 km/s) solar wind, respectively. This motivates us to
investigate in detail the impact of amore realisticmagnetosheath velocity spectra on the dynamics of the KHI.
In this present paper, we investigate how the amplitude and frequency of the magnetosheath seed veloc-
ity perturbations aﬀect KHI and associated plasma transport during strongly northward IMF by using local
macroscale MHD simulations. The presented results suggest that there is a causal link between the solar
wind/foreshock ﬂuctuations and magnetospheric dynamics resulting from varying development of the KHI
in terms of magnetosheath driver frequencies and the dayside ﬂank velocity shear layer thickness.
The paper is organized as follows. Section 2 describes the methodology: simulation setup with the
time-dependent velocity ﬂuctuations perpendicular to the magnetopause and the method for quantifying
the plasma transport produced by magnetic reconnection in the KH vortices. Section 3 describes the results:
(a) evolutionof the KHI due to single-mode seedﬂuctuationswith a smaller (CASE 1) and larger (CASE 2) ampli-
tude, (b) comparison of the KHI dynamics due to multimode seed ﬂuctuations with a diﬀerent amplitude for
each mode (CASE 3), and (c) study of the eﬀects of the initial random phase. In section 4 we conclude, and
ﬁnally, in section 5 we discuss the relevance of the ﬁndings for the solar wind-magnetosphere coupling and
possible links to the radiation belt dynamics.
2. Methodology
2.1. Macroscale MHD Simulations
The evolution of the KHI is studied in the x, y-plane (nearly equatorial plane for strongly northward IMF) with
well-tested 2.5-dimensional high-resolutionMHDmodel [Otto, 1990; Chen et al., 1997;OttoandFairﬁeld, 2000;
Nykyri and Otto, 2001; Nykyri et al., 2006; Nykyri, 2013]. The simulation results are presented in the coordinate
system where x is along the magnetosheath ﬂow, y is along the velocity gradient and normal to the uper-
turbed magnetopause, and z is perpendicular to x, y-plane. The initial conﬁguration for the simulation uses a
magnetic ﬁeld of bx0(y) = b0(y)sin𝜑, by0(y) = 0, and bz0(y) = b0(y)cos𝜑 such that 90∘–𝜑 is the angle between
the k vector of the KHmode and the initial backgroundmagnetic ﬁeld. For all the runs presented in this study
we use 𝜑 = 5∘, which corresponds to a strongly northward IMF orientation. Simulation parameters in the
magnetosheath (MSH), magnetospheric (MSP) side, and their normalization are shown in Table 1.
The simulation length scale, L0 = 600 km, is set to a typical magnetopause thickness at the dayside [Berchem
and Russell, 1982]. The simulation time, t0 = 5.8 s, is the time it takes for an Alfvén wave to propagate the dis-
tance L0 with a speedofB0∕
√
𝜇0mpn0 = 103km/s. Thevelocity shear layer thickness,Δ, is set to3L0 = 1800km
[Paschmann et al., 1993]. Due to various temporal and spatial scales involved in this study, we test the eﬀect
of the periodic (CASES 1A, 1B, 2A, 2B, 3, and 4) and open (CASES 1C and 2C) boundary conditions along the
shear ﬂow direction, as well as the eﬀect of diﬀerent numerical resolutions. Simulations use ﬁxed bound-
ary conditions in y direction (perpendicular to the initial current layer). In order to avoid mode interaction
when using periodic boundary conditions and eﬀects of thewave reﬂection, we use amacroscale systemwith
[y, x] = 800×400 L0 corresponding to a box length of∼38 RE and a larger system size of∼76 RE perpendicular
to the initial current layer. The simulations use an adjustable grid along y direction and ﬁxed grid separation
along x direction. All simulations use 803 grid points in y direction with themaximum resolution reaching 0.1
in the vicinity of the initial boundary separatingmagnetosheath andmagnetospheric plasma. This resolution
corresponds to a60kmspatial resolutionwithour choiceof L0. CASES1A, 2A, 3, and4use803gridpoints along
shear ﬂowdirection (x), andCASES 1B, 1C, 2B, and 2Cuse 1603 grid points along x. Initial plasma andmagnetic
ﬁeld proﬁles (density, pressure, velocity, andmagnetic ﬁeld) on themagnetosheath andmagnetospheric side
are set to typically observed values (based on statistical THEMIS data) at the daysidemagnetopause between
the subsolar point and the terminator. Unlike the studies cited above, the simulations presented in this paper
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Table 1. Initial Conditions in Magnetosheath (MSH) and Magnetosphere
(MSP) With Normalization
Parameter MSH MSP Normalization
B 1.5 1.0 B0 = 15 nT
n 1.5 0.5 n0 = 10 cm−3
p 3.55 4.8 p0 = 0.0895 nPa
beta 1.58 4.8
vA 1.22 1.41 v0 = 103 km/s
vS 1.40 2.82 v0
vF 1.86 3.15 v0
vshear 1.5 0 v0
are done in the magnetospheric inertial frame. The velocity at the magnetospheric side of the simulation is
set to zero and gradually (with hyperbolic tangent proﬁle) reaches themaximum shear ﬂow, vshear = 1.5 value
at the magnetosheath side, corresponding to a 155 km/s shear ﬂow.
We study the impact of the following time-dependent velocity ﬂuctuations, 𝛿vy(t), perpendicular to themag-
netopause at the upstream boundary (at x = −200) on the magnetosheath side of the simulation box to
mimic the dayside magnetosheath ﬂuctuations.
𝛿vy(t) = v1
√
2
N
∑
i
N
sin(2𝜋fit + 𝜙i) (1)
Here N denotes the number of modes, fi is the frequency of the mode, and 𝜙i is the random phase. Note that
since this type of initial perturbation is not incompressible and we have a ﬁnite simulation box size, we study
the evolution of the system only up to 150 Alfvén times which corresponds to ≈ 14.5 min. This minimizes
the eﬀects of reﬂection of compressional waves from the system boundaries as typical fast modeMHDwaves
(using the fast mode speed of 258 km/s, which is the average for simulation parameters obtained from both
sides of the velocity shear layer) propagate a distance of ≈35 RE in 14.5 min in the simulation domain.
First, we study the inﬂuence ofmonochromatic (singlemode,N = 1) ﬂuctuationswith two diﬀerent perturba-
tion amplitudes, v1 = 0.0625 (CASE 1), and second, v1 = 0.25 (CASE 2) at seven diﬀerent frequencies: 0.5, 1, 2,
3, 4, 8, and 15 ffg, where ffg ∼ vshearkfg∕2𝜋 corresponds to the theoretical frequency of the fastest growing KH
mode, where kfg is set to 1∕(2Δ) in agreement with Miura and Pritchett [1982]. The normalized frequency of
the fastest growingmode is thus ffg = 0.0398 f0 = 6.86mHz, where f0 = 1∕t0. The seed ﬂuctuations thus con-
sist of the following seven frequencies: (1) 3.44, (2) 6.86, (3) 13.7, (4) 20.6, (5) 27.4, (6) 54.9, and (7) 102.9 mHz.
Using the classiﬁcation by Jacobs et al. [1964], these seven frequencies correspond roughly to Pc5 (1, 2), Pc4
(3, 4), Pc3 (5, 6), Pc2 (7) frequency bands. In normalized units and with the factor of
√
2 the maximum pertur-
bation amplitudes correspond to 9.15 km/s and 36.6 km/s perpendicular (to mean ﬂow) ﬂuctuations in the
magnetosheath velocity for CASES 1 and 2, respectively. The same initial phase, 𝜙1 = 6.27 rad (not exactly
2𝜋), which was chosen by random number generator, was used for the single mode CASES 1 and 2.
Third (CASE 3), we study the multimode (N = 2–10) velocity ﬂuctuations with equally spaced frequency
intervals at the continuum range of 0.5–15.0 ffg (Pc5–Pc2), respectively.
𝛿vy(t) = v1
√
2∑
i
NAi
2
∑
i
N
Ai sin(2𝜋fit + 𝜙i) (2)
For example, ifN = 5, then the frequency interval is df = 3.625 ffg and fi = [0.50, 4.125, 7.75, 11.375, 15.0] ffg.
As in typical magnetosheath spectra the low- (high-) frequency ﬂuctuations have higher (lower) amplitudes;
we study the interaction ofmodes (N = 2–10)with diﬀerent amplitudes (Ai = 0.25∕i). The factor of
√
2∑
i
NAi
2 in
equation (2) ensures that the maximummultimode ﬂuctuation amplitudes are roughly the same as those of
the single modes, as there might be constructive interference between the modes. We use the same Fortran
random number seed and generator for setting the initial phases for each multimode run. For mode i = 1,
the same initial phase, 𝜙1 = 6.27 rad, was used as for the single mode CASES 1 and 2. For the N = 2 case,
𝜙1 = 6.27 rad and 𝜙2 = 3.56 rad. For N = 3, 𝜙1 = 6.27 rad, 𝜙2 = 3.56 rad, and 𝜙3 = 6.07 rad. For N = 10,
𝜙101 = [6.27, 3.56, 6.07, 4.70, 2.31, 3.02, 0.46, 0.03, 2.18, 2.15] rad.
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Fourth (CASE 4), we study and compare the eﬀect of the four diﬀerent initial phases, 𝜙 = [1.56, 3.13, 4.70,
6.27] (separated by multiples of 𝜋∕2 from 𝜙1 = 6.27) on single-mode ﬂuctuations with v1 = 0.0625. We also
compare the eﬀect of the initial phase for themultimode case,N = 5, by changing𝜙1 from6.27 rad to 1.56 rad.
2.2. Plasma Transport Quantiﬁcation
The plasma transport in the present simulations is due to the same mechanism as presented in Nykyri
and Otto [2001, 2004] and occurs because KHI twists the initially parallel magnetic ﬁelds in the shear ﬂow
plane, thus generating antiparallel ﬁelds that generate strong current layers both in the magnetosheath and
magnetospheric side of the vortex. All runs use the same current-dependent resistivity value 𝜂 = 0.005 and
critical current density of 1.0 (in simulation units). Resistivity is turned on when critical current density is
exceeded. Because reconnection dynamics is strongly driven by the inertia of the vortexmotion, the details of
the resistivity model do not have much eﬀect on the results [Nykyri and Otto, 2001]. The same 2-D reconnec-
tion dynamics is also present in 3-D, but in 3-D additional eﬀects (high-latitude double reconnection above
and below the maximum velocity shear layer) come into play [Faganello et al., 2012; Ma et al., 2015] that
will allow transport of high-density plasma blobs into the closed magnetospheric ﬁeld lines. The transport
in 2-D is due to a capture of high-density magnetic islands into the magnetospheric side. Sometimes, also
low-density magnetospheric plasma can be lost into the magnetosheath. Here we only quantify the trans-
port of high-density plasma into themagnetosphere, which is the dominant process. The direction of plasma
transport in 2-D is dictated by the competition between density and current density asymmetry. If the cur-
rent densities in the magnetosheath and magnetospheric side of the vortex are the same, the reconnection
ﬁrst occurs in the current layer with the higher plasma density, typically leading to transport of high-density,
magnetosheath material into the magnetosphere (at the ionopause of Venus and Mars this may be reversed
because ionospherehashigher density than the sheathplasma). In 2-D, andwith initially antiparallelmagnetic
ﬁeld geometry across the velocity shear layer, KHI can also produce reconnection directly between magne-
tosheath andmagnetospheric ﬁelds [Nykyri et al., 2006;Nakamura et al., 2006; Eriksson et al., 2016]. Taylor et al.
[2008] showed strong observational evidence suggesting that KHI was the dominant process for cold dense
plasma sheet formation at tail ﬂanks, while high-latitude reconnection can play signiﬁcant role at the dayside
boundary layer.
Plasma transport is quantiﬁed in detail for CASES 1, 2, 3, and 4 in similar way as in Nykyri and Otto [2001]
by calculating the mass of the magnetic islands (ﬂux ropes) captured from the magnetosheath. The island
boundaries are deﬁned by plasma ﬂuid elements which are used as tracers for the initial boundary. In two
dimensions Ohm’s law can be written as
𝜕Az(t)
𝜕t
+ (V ⋅ ∇)Az(t) = −𝜂Jz (3)
Az is the z component of the magnetic vector potential and changes along the path of a ﬂuid element only
due to the resistive term on the right side if the initial gauge of Az is maintained. Boundary location is then
computed based on value of Az0 − ∫
t
0 𝜂Jzdt using the ﬂuid elements.
The results are expressed in terms of an average mass entry velocity
ventry =
ΔM
Δt
1
𝜌shLx
(4)
whereM = A𝜌 is themass of themagnetic island (computed from the area and average plasma density of the
island), Δt is the simulation time, Lx is the approximate length of the KH wave train, which is conservatively
set to 100 L0, and 𝜌sh is the magnetosheath density. Note that in Nykyri and Otto [2001] Lx was set to the
KH wavelength. Here (due to time-dependent initial perturbation) more than one wave can develop, and
the wavelength for diﬀerent initial seed spectrum is not constant. Thus, it is more reliable to compare the
results between diﬀerent cases by studying the transport over a constant length of 100 L0 = 9.4 RE . For each
simulation, ventry was computed as a functionof time for every 5.8 s. Themaximumvalue of ventry was collected
during the ﬁrst 14.5min of the simulation and is denoted as vmax together with the corresponding time, tmmax.
The time when ventry ﬁrst exceeds a nonzero value is collected and denoted as tm0.
Frequency, amplitude, and phase of the seed spectrum, as well as numerical resolution and boundary condi-
tions along the shear ﬂow, all have someeﬀect on thenet plasma transport rates. To study thesedependencies
systematically, we have simulated each single-mode case with two diﬀerent numerical resolutions, ampli-
tudes, and two diﬀerent boundary conditions (periodic and open) and tested the eﬀect of the randomphase.
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While using just open boundary conditions may seem physically more reasonable, our 2.5-D simulations
would basically allow inﬁnitely long KH wavelength for the open boundary conditions. In the real magneto-
sphere the ﬁeld line curvature (3-D eﬀect) will set a limit to the maximum wavelength of the KH wave and
inﬁnitely long waves cannot occur at the magnetopause [Ma et al., 2014a, 2014b]. Therefore, it is useful to
study also periodic boundary conditions,where themaximumKHwavelength is restricted to the length of the
simulation box (38 RE). Since the initial perturbation is set on the upstream boundary and we only follow the
simulation for 14.5 min, the periodic boundary conditions will not disturb the KH development in the region
of interest but just ensure that maximumwavelength cannot exceed 38 RE .
3. Results
3.1. Evolution of the KHI Due To Single-Mode Seed Fluctuations
Figure 2 illustrates plasmanumber density and velocity (a), total pressure (b), and perpendicular velocity (with
respect to initial shear ﬂow boundary ), vy (c) at t = 406 s for a 6.86 mHz mode in the macroscale simula-
tion. The KH wave can be seen at x ≈ −150 which is evidenced as density, total pressure, and perpendicular
velocity perturbation. The rest of the KH wave plots shown in this paper are zoomed in magniﬁcations of this
large-scale simulation box. As seen from Figure 4 in Dimmock and Nykyri [2013], the MSH velocity typically
varies between 0.1 and 0.7 Vsw from subsolar point to the dawn-dusk terminator. The velocity shear magni-
tude at the simulation boundary at x = −200 is chosen after the statistically observed velocity downstream
from subsolar point and is set to −155 km/s.
Figure 3 shows the growth of the KHI ln(max (𝛿vy)) as a function of time for v1 = 0.065 and for v1 = 0.25 with
f = [0.5, 1, 2, 3, 4, 8, and15]ffg. The growth is measured by the maximum amplitude of the normal velocity
component (along the extent of the velocity shear layer and starting from one grid point above the initial
seed perturbation) on the magnetospheric side of the velocity shear layer close to the initial boundary. The
ﬁrst stage of growth for t < 25 s is due to the system response to the initial driving. The second stage is the
somewhat ﬂat region, which is clearly observed for high-frequency cases and is due to the growth of very
small-scale KH waves which rapidly decay, until the most unstable stage (stage 3) is reached. The fourth and
ﬁnal stage is the saturation. For the third stage (exponential growth) the highest amplitude is ﬁrst reached
for the theoretical fastest growing mode with f = ffg (red curve) at t = 210 s. The nonlinear stage, tnl , for
this mode is reached about 90 s sooner for the larger initial perturbation amplitude. For low-amplitude seed,
the nonlinear stage KH wave is reached latest for the highest seed frequency, f = 15ffg (yellow curve) at
t = 400 s. Figure 4 shows the time evolution of the KH waves at t = 197 s, 348 s, 499 s, and at 652 s in a
zoomed box inside the large-scale simulation in [x = −200,−50] to [y = −15, 15] for v1 = 0.0625 for the
f = 15 ffg = 102.9 mHz (a) and f = 1ffg = 6.86 mHz (b) seed perturbation (see the red and yellow curves in
Figure 3). It is clear that the 6.86 mHz seed produces a faster growing and a larger amplitude KH wave than
the 102.9 mHz seed. The wavelengths of the observed KH waves measured at t = 348 s are approximately
𝜆 = 1.7 and 3.5 RE for 102.9 mHzmode and 6.86 mHzmode, respectively. These wavelengths are of the same
order as the wavelength of the theoretical fastest growingmode, 𝜆 ≈ (2–4)𝜋Δ = 1.8–3.6RE using shear layer
width, Δ = 1800 km in agreement withMiura and Pritchett [1982]. By t = 652 s, the low-frequency seed has
produced a larger-scale KH structure than the high seed frequency.
3.2. Plasma Transport
Tables 2 and 3 list the times for CASES 1A, 1B, and 1C and 2A, 2B, and 2C, respectively, when the plasma
transport starts, tm0, when the maximum plasma transport velocity is reached, tmmax, and the corresponding
maximum plasma transport velocity, vmax. It can be seen that for the larger-amplitude initial seed ﬂuctuation
(CASES 2) plasma transport starts sooner (tm0 = 30 − 180 s) and also the maximum plasma transport rate is
typically reached sooner (tmmax = 180–770 s) than for the smaller amplitude initial seed (tm0 = 120–370 s
and tmmax = 440–840 s for CASES 1).
Nearly for all the seed frequencies the maximum transport velocities are higher for the large-amplitude
cases (shown in Table 3) when compared to small-amplitude seeds (shown in Table 2). Exception are the
high-frequency (f ≥ 4ffg) cases with open boundary conditions. When comparing the large-amplitude,
higher-frequency seed cases (f > 2ffg) with periodic boundary conditions shown in Table 3 (runs 2A and 2B),
the maximum plasma transport rates are fairly similar (within 210–260 m/s).
For higher-resolution periodic boundary conditions (CASES 1B and 2B) themaximumplasma transport veloc-
ities are obtained when seed frequency is equal to the theoretical fastest growing mode (f = ffc). Figure 5
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Figure 2. Simulation domain at t = 406 s. Vectors present plasma velocity and color code is (left) density, (middle) total
pressure, and (right) perpendicular velocity. The black lines are magnetic ﬁeld lines. The total x range from −200 to 200
is shown. The KH ripples are visible at y, x = [0,−150]. Magnetosheath (magnetosphere) is on the right (left), and KH
wave is propagating upward.
shows a snapshot of the KH structure at t = 440 s of the comparison between the cases with v1 = 0.0625
(a) and v1 = 0.25 (b) and f = 1ffg = 6.86 mHz. For the larger-amplitude seed, more magnetosheath material
has reconnected by t = 440 s, corresponding to plasma entry velocity of ≈ 530 m/s. For smaller-amplitude
seed, the main vortex is smaller and maximum transport velocity of 480 m/s is reached 400 s later. For lower
resolution and periodic boundary conditions (CASES 1A and 2A) the maximum plasma transport velocities
of 330 m/s and 880 m/s are obtained when seed frequency is half of the theoretical fastest growing mode
(f = 0.5ffc). When considering all the cases, the largest transport velocity of ≈ 1.1 km/s occurs for the open
boundary conditions when the magnetosheath driver frequency is 0.5 ffg and v1 = 0.25.
The plasma transport calculation presented in Tables 2 and 3 utilize 201 plasma ﬂuid elements placed at the
magnetopause, whose vector potential value is used to deﬁne the original magnetopause boundary using
equation (3). To estimate the error in plasma transport calculations, due to possible inaccuracies in bound-
ary determination, we have computed for CASES 1B and 2B the mass transport velocities also using 101 ﬂuid
elements. With 101 ﬂuid elements vmax = [280, 470, 130, 120, 80, 100, 150] m/s and for the seed frequen-
cies, f = [0.5, 1, 2, 3, 4, 8, 15] ffg. The error is thus at least about 10–20 m/s for the higher-frequency cases
and about 90 m/s for the lowest frequency. For larger-amplitude cases (CASES 2B), with 101 ﬂuid elements
vmax = [510, 600, 270, 270, 230, 220, 220]m/s and for the seed frequencies, f = [0.5, 1, 2, 3, 4, 8, 15] ffg, so the
error is around 10–20 m/s for higher-frequency (f ≥ 2ffg) cases and 70 m/s for f = ffg. Interestingly, exactly
the same value was observed for the lowest-frequency case. When considering the open boundary condi-
tions and the same resolution as for 2B (CASE 2C), the plasma transport rates have signiﬁcantly increased
(doubled) for the lowest-frequency case. This is because for the open boundary conditions and for a large
simulation box size perpendicular to initial shear ﬂow layer, there is no limit for the maximum wavelength.
The lowest-frequency seed creates a very large vortex size, and associated reconnection leads tomore plasma
transport.
Perhaps the most striking diﬀerence is that for the large-amplitude, high-frequency (f ≥ 8ffg) seed with
open boundary conditions (CASE 2C), the transport rates are signiﬁcantly lower than for the correspond-
ing low-amplitude seeds. This is because the high-frequency, high-amplitude seed generates a train of short
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Figure 3. The growth (ln(max(𝛿vy )) of the KHI for seven diﬀerent magnetosheath seed frequencies and for two diﬀerent
amplitudes: (a) v1 = 0.0625 and (b) v1 = 0.25. (CASES 1A and 2A).
wavelength waves that grow nonlinearly very quickly and merge back into magnetosheath plasma, result-
ing in reduced transport when compared to the low-amplitude seed, where these small-scale reconnected
magnetic islands move farther away from the original boundary contributing to the net plasma transport.
It is also interesting that for the low amplitude, highest seed frequency, and for open boundary conditions,
one gets more transport than for the seed frequency equal to the theoretical fastest growingmode ffg. This is
because the open boundary conditions create a larger wavelength KHwave, and the continuous driving with
the low-amplitude high-frequency seed contributes to the breaking of the large-scale vortex structure. At the
magnetopause, the curvature of the magnetic ﬁeld line localizes the KH unstable region at low latitudes. The
kinetic energy associated with KH vortex will be radiated to the high latitudes by the Poynting ﬂux. Scaling
analysis and numerical experiment shows that an over slow growing (i.e., an over long wavelength) KHmode
cannot occur at the magnetopause [Ma et al., 2014a, 2014b].
3.3. Evolution of the KHI Due To Multimode Seed Fluctuations With the Diﬀerent Amplitudes
Between the Modes (CASE 3)
In the real magnetosheath, the amplitude of the ﬂuctuations is typically larger at low frequencies compared
to high frequencies, so it is necessary to study the eﬀect of a more realistic spectra by varying the ﬂuctuation
amplitude between the modes. The amplitude of the nth mode is computed as An = v1∕n, where v1 = 0.25
and the phase is diﬀerent for each mode. Figure 6 shows that the growth rates of the KHI for multimode
seed spectra are fairly similar to each other. Table 4 shows the quantiﬁed plasma transport rates for CASE 3
in the same format as in Tables 2 and 3. For N = 2, 5, and 10 we have also tested the eﬀect of numerical
resolution and periodic versus open boundary conditions (CASES 3A, 3B, and 3C). It is evident that there is
less variation of the times when reconnection starts (t = 80–190 s) when compared to the single-mode runs
(t = 30–350 s) (CASES 1 and 2). Also, the maximum plasma transport velocities show less variation and are
typically higher for multimode seed spectra (vmax ≈ 410–930 m/s) than for single-mode seed ﬂuctuations
(vmax ≈ 30–1090m/s). The large-scale KH structure of all thesemultimode cases, where the lowest frequency
NYKYRI ET AL. VELOCITY SEED SPECTRUM IMPACT ON THE KHI 9497
Journal of Geophysical Research: Space Physics 10.1002/2017JA024374
Figure 4. Snapshots during four diﬀerent times of the KH dynamics in a smaller subdomain (x range = [−200,−50], y range = [−15, 15]) for (a) low-frequency
(f = 1 ffg) and (b) high-frequency (f = 15 ffg) seeds for v1 = 0.0625 (CASE 1A). Background color is plasma density, and arrows are velocity vectors. The KH growth
for these cases is depicted in red and yellow lines in Figure 3a.
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Table 2. Plasma Transport Results for Runs Shown in Figure 3 (CASE 1A)
Corresponding to the Single-Mode Seed Frequency Cases With
v1 = 0.0625a
CASE 1A, 1B, 1C 1A, 1B, 1C 1A, 1B, 1C
f tm0 (s) tmmax (s) vmax (m/s)
0.5ffg 350, 340, 200 670, 740, 600 330, 190, 400
ffg 200, 210, 230 440, 840, 620 250, 480, 370
2ffg 240, 260, 170 800, 440, 440 110, 120, 270
3ffg 170, 190, 190 660, 470, 640 30, 100, 350
4ffg 200, 140, 120 650, 780, 780 60, 70, 350
8ffg 260, 200, 270 540, 590, 540 50, 90, 420
15ffg 460, 200, 310 600, 550, 560 160, 140, 750
aHere ffg corresponds to the frequency of the theoretical fastest grow-
ing mode, tm0 to a time whenmass transport starts, tmmax to a time when
maximum plasma transport is reached, and vmax to a maximum mass
transport velocity. The second value is for the case with double the resolu-
tion along the shear ﬂow (x) direction (CASE 1B). The third value is for the
open boundary condition in xmax and with the double resolution along x
(CASE 1C).
present is f = 0.5fg, is very similar to the single-mode case with v1 = 0.25 and f = 0.5ffg. To check whether
this is because the lowest frequency has the highest amplitude and therefore dominates the large-scale KH
structure, we also created multimode runs with N = 2–10 and kept the same amplitude v1 = 0.0625 for
eachmode. Even in this case, the large-scale structure was similar as for the single-mode seedwith the lowest
frequency.When comparing cases 3A, 3B, and3C for theN = 2 casewhichhas both the lowest and thehighest
frequencies, most transport (vmax = 930m/s) occurs for the open boundary conditions. This is consistent and
can be understood with the single-mode cases: the highest mass transport velocity of 1090 m/s occurred for
open boundary conditions, highest amplitude, and lowest-frequency seed, while the highest-frequency seed
yielded the largest transport velocities of 750m/s for the low-amplitude case. For theN = 2 case both of these
frequencies arepresentwith f = 0.5ffg and f = 15ffg having theamplitudesof 0.25 and0.125, respectively. This
seed frequency combination creates a large wavelength KH wave where the high-frequency seed spectrum
produces additional transport.
A large transport velocity of 920 m/s occurs also for the low-resolution, periodic boundary conditions with
N = 5, which is nearly the same (vmax = 880 m/s) as for the single-mode case for f = 0.5ffg and v1 = 0.25
(CASE 2A), so clearly there are other frequency/wavelength combinations that yield optimal transport. How-
ever, when the resolution for this case is increased (CASE 3B) the transport velocity is reduced to 640 m/s,
Table 3. Plasma Transport Results for Runs Shown in Figure 3 (CASE 2A)
Corresponding to a Single-Mode Case With v1 = 0.25
CASE 2A, 2B, 2C 2A, 2B, 2C 2A, 2B, 2C
f tm0 (s) tmmax (s) vmax (m/s)
0.5ffg 180,180,120 600, 530, 590 880, 510, 1090
ffg 110, 100,120 420, 440, 450 650, 530, 510
2ffg 70, 60, 70 260, 230, 510 250, 290, 590
3ffg 100, 90, 50 380, 500, 760 210, 260, 360
4ffg 70, 50, 70 180, 770, 410 260, 240, 300
8ffg 50, 40, 60 340, 550, 380 230, 210, 150
15ffg 80, 30, 30 430, 500, 690 260, 240, 220
aThe second value refers to the case with double the resolution along
the shear ﬂow (x) direction (CASE 2B). The third value is for the open
boundary condition in xmax and with the double resolution along x
(CASE 2C).
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Figure 5. Comparison of the structure of the KH wave at t = 440 s for (a) smaller- and (b) larger-amplitude seed
perturbations for f = 1ffg (CASES 1B and 2B). The left column depicts the plasma density and velocity, and right column
shows the current density and magnetic ﬁeld. The black solid lines are the magnetic ﬁeld lines.
because the various small-amplitude high-frequencymodes are better resolved during the early times of sim-
ulation, which leads to broader boundary layer and suppression of the intermediate wavelengthmodes, thus
resulting in reduced transport (see Appendix B for further details).
3.4. Impact of Random Phase
In the single-mode simulations (CASES 1 and 2), the initial random phase was 𝜙 = 6.27 rad. Table 5 shows
results of the maximum mass entry velocities for CASE 1A (v1 = 0.0625) when considering three additional
initial phases, all separated by 𝜋∕2. For the single-mode ﬂuctuations the initial random phase seems to make
a diﬀerence. For example, for f = ffg, the highest mass entry velocity of 360 m/s is obtained for 𝜙 = 4.70 rad,
and the lowest velocity of 40m/s occurs for𝜙 = 1.56 rad. For f = 8ffg, themaximumvelocity of 330m/s occurs
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Figure 6. Comparison of the the KH growth (same format as in Figure 3) when diﬀerent amounts of modes (2–10) are
placed with equifrequency intervals at the continuum Pc5–Pc2 range with diﬀerent amplitudes in each frequency.
also for 𝜙 = 4.70, whereas the lowest velocity of 50 m/s occurs for 𝜙 = 6.27 rad. The discrepancy is of 1 order
of a magnitude.
When calculating the average of the maximum mass entry velocity for these diﬀerent phases at each fre-
quency, the highest average mass entry velocity of 200 m/s is obtained for the theoretical fastest growing
mode (f = ffg) and smallest average velocity of 60 m/s for f = 3ffg. When calculating the average over all fre-
quencies for each phase, the highest (lowest) average velocity of 180 m/s (70 m/s) occurs for 𝜙 = 4.70 rad
(𝜙 = 1.56 rad).
To better understand the physical reason for these diﬀerences, we have compared the seed velocity per-
turbation, 𝛿vy , time series for these 28 cases and compared the time integral of the velocity perturbation
experimentally for diﬀerent timeperiods.We found that for each frequency, themaximummass entry velocity
occurred for the phase which produced the largest positive value of the integral, ∫0
145s
𝛿vy dt. The time 145 s,
which was experimentally found, roughly corresponds to the time by which the shortest wavelengths have
saturated and longer wavelengths are growing or are about to grow. This comparison is depicted in Figure 7,
which clearly shows that themaximumpositive area underneath the curve occurs for f = 0.5ffg with𝜙 = 6.27
rad (black curve) and for f = 1ffg with 𝜙 = 4.7 rad (red curve).
To test the eﬀect of a diﬀerent initial phase on the multimode seed, we changed the phase of the
lowest-frequency and highest-amplitude mode from 𝜙 = 6.27 rad to 𝜙 = 1.56 rad for the N = 5 case, which
reduced themaximummass entry velocity from920m/s to 680m/s. The other phases of the higher-frequency
modeswere kept unchanged. So the initial phases forN = 5 case depicted in Table 4were changed from 6.27,
3.56, 6.07, 4.70, and 2.31 rad to 1.56, 3.56, 6.07, 4.70, and 2.31 rad. Figure 8 shows the comparison between
Table 4. Eﬀect of the Multimode Seed on the Plasma Transport (CASE 3)a
N tm0 (s) tmmax (s) vmax
CASE 3A, 3B, 3C 3A, 3B, 3C 3A, 3B, 3C
2 180, 190, 150 610, 510, 590 640, 410, 930
3 180, ***, *** 630, ***, *** 520, ***, ***
4 180, ***, *** 560, ***, *** 690, ***, ***
5 180, 80, 120 540, 600, 640 920, 640, 570
6 180, ***, *** 590, ***, *** 800, ***, ***
7 180, ***, *** 500, *** , *** 740, ***, ***
8 190, ***, *** 520, ***, *** 750, ***, ***
9 190, ***, *** 490, ***, *** 770,***, ***
10 170, 110, 140 510, 600, 330 830, 570, 790
aNumber of modes at (0.5–15)ffg range, tm0, tmmax, and vmax. Each
mode (i) has a diﬀerent amplitude, v1 = 0.25∕i, and diﬀerent random
phase, 𝜙. For N = 2, 5, and 10 we have also tested the eﬀect of two dif-
ferent resolutions and open boundary conditions (CASES 3A, 3B, and 3C.).
Asterisks mark cases for which no simulation was performed.
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Table 5. CASE4a
f 𝜙 = 1.56 rad 𝜙 = 3.13 rad 𝜙 = 4.70 rad 𝜙 = 6.27 rad Vave
0.5ffg 50 50 30 330 120
ffg 40 160 360 250 200
2ffg 60 40 110 110 80
3ffg 40 50 100 30 60
4ffg 40 50 100 60 60
8ffg 130 200 330 50 180
15ffg 160 70 240 160 160
Vave 70 90 180 140 130
aThe maximum mass entry velocities (in m/s) for diﬀerent initial phases, 𝜙, for CASE
1A (v1 = 0.0625), average mass entry velocity for each frequency (last column), and for
each phase (last row).
these two cases depicting the seed velocity perturbation, 𝛿vy , time series. It is clear from the graph that
the casewith𝜙N1 = 6.27 rad has a larger positive areawhen compared to casewith𝜙N1 = 1.56 rad. This is also
veriﬁed by evaluating the integral ∫0
145s
𝛿vy dt. This 240 m/s diﬀerence in mass entry velocity due to the
highest-amplitude mode phase variation is 30% of the average vmax = 800 m/s.
The physical meaning of ∫0
145s
𝛿vy dtmay be interpreted as the average indentation length scale of the mag-
netopause boundary during the growth of the KHI, with the larger values resulting in larger vortex sizes and
more transport. When we evaluated this integral for the nine cases with N = 2–10, the values of this integral
Figure 7. The velocity perturbation, 𝛿vy , as a function of time for seven diﬀerent frequencies, f = (0.5, 1, 2, 3, 4, 8, 15) ffg
(depicted by black, red, green, blue, aqua, magenta, and yellow lines, respectively) at four diﬀerent initial phases:
𝜙 = 1.56, 𝜙 = 3.13, 𝜙 = 4.70, and 𝜙 = 6.27 rad.
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Figure 8. The velocity perturbation, 𝛿vy , as a function of time for the case where ﬁve modes (N = 5) are in Pc2–Pc5
range. The spectrum is identical except that the phase, 𝜙, of the ﬁrst, largest amplitude is changed. The black line
depicts the seed spectrum for 𝜙N1 = 6.27 rad, and the red line depicts the seed spectrum with 𝜙N1 = 1.56 rad.
were almost identical (see the corresponding velocity perturbation time series in Figure 9). For all these nine
cases the phase for the lowest-frequency, highest-amplitudemode was the same. The largest mass transport
velocity of 920 m/s occurred for N = 5 case at t = 540 s, whereas the lowest velocity of 520 m/s occurred for
N = 3 case at t = 630 s. The variations of the seed spectrum frequencies seem to alter the large-scale vortex
structure and hence have some eﬀect on the net plasma transport.
These results suggest that there is an optimal timewith respect to KH growth for a given set of plasma param-
eters and shear layer properties when seed spectrum properties have the strongest impact on the large-scale
evolution and plasma transport associatedwith the KHI. Because in the real system, a casewhere only a single
mode is present is singular, the phase variation study for themultimode run (N = 5) is moremeaningful. Note
that only the phase of the lowest-frequency, highest-amplitude mode was changed, and remaining phases
were kept the same. This type of extreme variation probably never happens in the real system, but typically,
all the initial phases are diﬀerent. This 30% variation of vmax for N = 5 case due to phase, 𝜙1, change is there-
fore probably an extremediﬀerence and is of the order of variation ofmass transport velocities for caseswhen
the number of modes is varied between 2 and 10 (see Table 4). So while the phase variation produces some
diﬀerences for the results, we do not think that the initial phase is a very important factor for the real system
as long as there are many modes in the system with diﬀerent initial phases.
Figure 9. The velocity perturbation, 𝛿vy , as a function of time for the nine cases (N = 2–10) in Pc2–Pc5 frequency range.
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4. Conclusions
In the present paper we have studied the eﬀect of the frequency, amplitude, and number of modes of the
magnetosheath velocity ﬂuctuations on the growth of the Kelvin-Helmholtz instability (KHI) and associated
plasma transport. Initial plasma and ﬁeld conditions for the simulations were taken based on statistical maps
using 7 years of THEMIS measurements in the vicinity of the dayside magnetopause during northward IMF.
For each run, all the plasma parameters and ﬁeld conﬁguration are kept the same, the only diﬀerence being
the structure of the magnetosheath seed ﬂuctuation spectrum. Themain ﬁndings of the study are as follows.
Single-Mode Seed Analysis:
1. For larger-amplitude seed, KHI reaches the nonlinear stage sooner, and plasma transport starts earlier than
for the smaller-amplitude seed.
2. The maximum plasma transport rate is typically reached sooner, and maximum mass transport velocities
are typically higher for higher-amplitude seed. Exception are the caseswith high seed frequencies (f ≥ 4ffg)
for open boundary conditions due to a merging of small magnetic islands back to the magnetosheath.
3. The KH wave ﬁrst reaches the largest amplitude when seed frequency is equal to the theoretical fastest
growing mode.
4. For periodic boundary conditions, and for small-amplitude seed, the largest transport velocities occurwhen
driver frequency is equal to the frequency of the theoretical fastest growing mode.
5. Open boundary conditions along shear ﬂow create a larger KH wave when compared to periodic bound-
ary conditions and double the mass transport for the lowest-frequency case. The largest transport velocity
of 1.1 km/s is obtained for a large-amplitude seed with the seed frequency half of the theoretical fastest
growingmode. This is of the same order ofmagnitude as in the study byNykyri andOtto [2001], which used
a larger velocity shear consistent with the Geotail observations of the KHI [Fairﬁeld et al., 2000; Otto and
Fairﬁeld, 2000] which occurred farther downstream along the ﬂank magnetopause.
6. For large-amplitude, high-frequency seeds (f ≥ 3ffg), the transport velocities are fairly similar (210–260m/s)
and the variation is of the order of error bars for the periodic boundary conditions.
7. The combination of the phase and frequency of the seed perturbation seems to have eﬀect onmass trans-
port velocities producedby the KHI: themaximum transport velocities for each frequency correlatewith the
largest positive value of the following integral: ∫0
145s
𝛿vy dt. Here the time 145 s was experimentally found
and roughly corresponds to the timewhen shorter wavelengthmodes have saturated and dominantmode
is growing or is about to grow.
Comparison BetweenMultimode and Single-Mode Seeds:
8. When the seed spectrumconsists of 2–10modes inPc2–Pc5 rangewithdiﬀerent amplitudes for eachmode
(and with v1 = 0.25 for the highest-amplitude mode), the maximum plasma transport velocities are of the
order 0.5–1 km/s and higher than the corresponding, high-amplitude single-mode high-frequency cases.
This is probably because the multimode seed spectrum contains more energy than the single-mode seed.
9. The phase of the largest-amplitude, lowest-frequency mode in multimode spectrum aﬀects the plasma
transport rate produced by the KHI. The case for which the integral ∫0
145s
𝛿vy dt is larger during the
exponential growth of the dominant KH mode produces more plasma transport.
5. Discussion
To assess which of these resolutions and boundary conditions are most appropriate when comparing to the
real system, oneneeds to consider the geometry of themagnetosphere. The realmagnetosphere has ﬁeld line
curvature, which can stabilize KHI. Therefore, the open boundary conditions which basically allow inﬁnitely
long wavelength (and larger than realistic amplitude of the KH wave) may not give the best presentation
of the real system. Furthermore, the simulations should have adequate numerical resolution to resolve the
small-scale structures resulting from high-frequency seeds. We therefore think that from the presented cases,
CASES 1B, 2B, and 3B are probably most meaningful and are used in the following discussion.
These results suggest that the ﬂuctuation properties of the dayside magnetosheath have impact on the
growth of the KHI and when reconnection starts. The most plasma transport occurs for the multimode seeds
(vmax = 420–640m/s) and for the large-amplitude seedwith the frequency equal to the theoretical frequency
of the fastest growing KH mode ffg(vmax = 530–600 m/s), which corresponds to Pc5 frequency range. The
transport velocities of ≈ 0.6 km/s correspond to the diﬀusion coeﬃcient of∼ 1.1 × 109 m2/s when assuming
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a shear layer thickness of 1800 km. These results are slightly smaller than the corresponding plasma transport
velocities of 1.7–2.3 km/s for the 5∘ tilt case in Nykyri and Otto [2001]. This is not surprising because the ini-
tial conditions for the simulations in the present study correspond to the typical dayside plasma conditions
with a modest shear ﬂow of 155 km/s. The simulations in Nykyri and Otto [2001] were created after Geotail
observations at xGSM ≈ −10 RE , corresponding to a wave source region at the dawn-dusk terminator where
the shear ﬂow typically is comparable to the solar wind speed and was set to 315 km/s.
The typical timescale for low-amplitude, single-mode seed perturbation to reachmaximumplasma transport
due reconnection in KH vortices ranged from ∼400 s to 800 s and for high-amplitude seed from ∼ 200 s to
770 s. For the multimode seed, which is a more realistic presentation of a typical magnetosheath spectrum,
the maximum transport velocity is reached within 500–600 s. During this time, the KH wave spectrum has
developed large, nonlinear vortices and moved from the source region at the dayside a distance of 7–10 RE ,
which suggests that signiﬁcant boundary layer generation via reconnection in KH vortices becomes possible
in the vicinity or slightly downstream of the dawn-dusk terminator for strongly northward IMF.
Based on the present simulations, the amplitude of the excited KH waves and resulting vortex size decreases
for the higher-frequency seed spectrum. This may suggest that the magnetosphere-ionosphere coupling is
enhanced for the lower-frequencymagnetosheath seed perturbations due to generation of ﬁeld-aligned cur-
rents which become stronger as a function of KH vortex size. Also, the reconnected material can pitch angle
scatter into the ionosphere thereby aﬀecting ionospheric conductivity, whichmay have consequences for the
large-scale reorganization of the magnetosphere-ionosphere system.
These initial ﬁndings of the eﬀect of the theoretical seed spectra on the KHImotivate our futurework to deter-
mine the statistical spectra of magnetosheath velocity ﬂuctuations as a function of upstream solar wind and
IMF conditions. The limitations of the present work are the ﬁnite and two-dimensional simulation domain,
which limits the study of the evolution of the system up to 14.5 min. It is possible that in an open system
and after time>> 14.5 min, the main island gets reconnected signiﬁcantly farther downstream regardless of
the detailed properties of the initial seed spectrum. However, we believe that the present results are valid for
describing the impact of magnetosheath seed ﬂuctuation spectrum on the KHI-driven plasma transport at
the dayside magnetopause (t < 14.5 min). Large-scale, high-resolution 3-D simulations of the KHI dynamics
driven by a realisticmagnetosheath spectrum constructed after observed statistical spectrawould be needed
to fully understand the eﬀects of seed ﬂuctuation properties on KHI.
The ﬁeld line resonances can be produced by the KHI [Mann, 1997]. These magnetospheric ULF waves which
can resonantly interact, and energize radiation belt particles [Elkington et al., 1999], are mostly observed
on the dawn sector which is statistically downstream of the quasi-parallel shock. The foreshock-driven
large-amplitude ﬂuctuations may penetrate into the magnetosheath and drive KHI more eﬀectively in the
dawn ﬂank. Recent statistical studies have indeed foundmore Pc3–Pc5 range ﬂuctuations at the dawn sector
magnetopause consistent with the frequency range of fastest growing KHmode [Nykyri and Dimmock, 2016;
Dimmock et al., 2016].
To conclude, we propose that the solar wind and foreshock ﬂuctuations can alter the ﬂuctuation state of
the magnetosheath and, hence, transport of plasma and heating. When the larger-amplitude (≈37 km/s)
low-frequency (2–5 min) velocity ﬂuctuations are present in the dayside magnetosheath, the KHI can reach
nonlinear state faster and produce more plasma transport through the dayside magnetopause. Our sta-
tistical THEMIS study indicated that the larger-amplitude velocity perturbations are present for the higher
solar wind speeds. Therefore, during faster solar wind speed there is a combined eﬀect from more intense
sheath perturbations and a higher velocity shear. The KH waves can in turn generate ion-scale kinetic Alfvén
and magnetosonic waves, which can produce additional plasma transport and heating [Chaston et al., 2007;
Moore et al., 2016]. The asymmetric growth of the KHI, favoring the dawnside ﬂank, may also help explain the
dawn-favored plasma sheet asymmetry of the cold-component ions.
The results we found are also highly interesting because the large-scale solar wind drivers of magnetospheric
disturbances and radiation belt electron ﬂux variation have diﬀerent ﬂuctuation patterns. Sheath regions
driven by coronal mass ejections (CME) and slow-fast stream interaction regions have distinctly more turbu-
lent structure when compared to the ﬂux rope part of the CME [Kilpua et al., 2013; Hietala et al., 2014; Kilpua
et al., 2015]. Some of the ﬂuctuations in CME sheath regionsmay be generated by the KHI [Foullon et al., 2011,
2013; Nykyri and Foullon, 2013]. In addition, Nemecek et al. [2002] found that the level of magnetosheath ion
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ﬂux ﬂuctuations increases from the bow shock toward the magnetopause. More detailed work, regarding
the characteristic velocity and density ﬂuctuations in diﬀerent solar wind structures, and how they aﬀect the
magnetosheath properties and KHI at the magnetopause, is left for future studies. This is also an important
aspect in understanding how diﬀerent solar wind conditions excite ULF waves through KH waves and their
subsequent eﬀects on radiation belt dynamics.
Appendix A
In order to produce a map of magnetosheath velocity ﬂuctuations in Figure 1, THEMIS probe locations
between 2008 and 2015 from the geocentric solar ecliptic (GSE) frame are transformed into the magne-
tosheath interplanetary medium (MIPM) reference frame [Verigin et al., 2006] in order to avoid the eﬀects
associated with planetary aberration and motion of the magnetosheath boundaries due to changing solar
wind conditions. InMIPM frame the x axis is along to themean solarwind ﬂowdirection, the y axis is a function
of IMF vector, and z axis completes the coordinate system. In MIPM frame, the dawn (dusk) ﬂank is down-
stream of quasi-parallel (perpendicular) shock. Each 3min THEMIS probe position is normalized between the
magnetosheath model boundaries FMIPM = 0 [magnetopause]→ 1 [bow shock]. The position of the magne-
topause [Shueetal., 1998] andbow shock [Verigin et al., 2001]models is evaluatedbasedon20min averages of
theOMNI data. For each 3minwindow, the statistical properties of velocity (V) ﬂuctuations are computed and
then recorded into a statistical database. Velocity measurements within each window are rotated to a mean
ﬂow-aligned (MFA) coordinate system (VMFA = [V̂∥, V̂⟂(1), V̂⟂(2)]) based on the background ﬂow direction (V̂0)
over each 3 min period in a same way as in Nykyri and Dimmock [2016]. Perpendicular velocity ﬂuctuations
are then evaluated as V⟂ =
√(
V ⋅ V̂⟂1
)2 + (V ⋅ V̂⟂2)2, where V̂∥ = [V̄x , V̄y , V̄z]∕√V̄2x + V̄2y + V̄2z , V̂⟂1 = V̂∥ × R̂,
and V̂⟂2 = V̂∥ × V̂⟂1. The Vx,y,z and R̂ correspond to the velocity ﬂow directions and probe location in the GSE
frame, respectively.
Statisticalmaps ofV⟂ are then created at each location in theMIPM frame equatorial plane. The absolute value
of the range (maximum-minimum) of V⟂ measurements during each 3 min THEMIS interval is recorded and
is placed inside a 0.5 × 0.5 RE bin based on its [xMIPM, yMIPM] coordinate. A mean average of the ranges of V⟂
is then computed inside each bin which is then plotted to produce statistical maps. The complete database
was ﬁlteredwith respect to upstream solar wind conditions to provide additional sub–data sets for slow solar
wind (Vsw < 400 km/s) and fast solar wind (Vsw > 400 km/s). We have used this statistical frame in several
publications [Dimmock andNykyri, 2013; Dimmock et al., 2014, 2015; Nykyri and Dimmock, 2016] and refer the
reader to ﬁnd more detailed description of this methodology there.
Appendix B
Figure B1 shows comparison of the KHI dynamics for two of the lowest and the highest seed frequency for
diﬀerent boundary conditions (BCs) and numerical resolutions (see caption formore details). Note that for the
periodic BCs, and for the high frequency seed, the reconnection in the current layer of the thin-ﬁlamented
magnetic island is only resolved by t = 562 s for the high-resolution case (1B). For the lower-resolution case
this island gets reconnected by t = 600 s. It is also evident that the open BCs (column 1C) create larger KH
structure when compared to the periodic BCs (1A and 1B).
Figure B2 shows comparison of the KHI dynamics for the multimode runs (CASE 3A) and with diﬀerent ampli-
tudes for each mode (see caption for more details). It is evident that while the large-scale structure is fairly
similar for all cases and is dominated by the lowest-frequency mode, f = 0.5 ffg, the ﬁne structure and
reconnection dynamics are diﬀerent due to the higher-frequency seeds. Note that for N = 10 case, the
main magnetic island was reconnected already at t = 510 s, but by t = 562 s it has moved back to the
magnetosheath.
Figure B3 shows comparison of the KHI dynamics for the multimode runs, N = 2, 5, 10 for CASES 3A, 3B, and
3C and with diﬀerent amplitudes for each mode (see caption for more details). It is evident that when com-
paring CASES 3A and 3B, the numerical resolution and seed frequency spectrum all aﬀect where and when
reconnection happens ﬁrst. When the high-frequency seeds are well resolved (3B), it results in shorter-scale
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Figure B1. Comparison of the KHI dynamics at t=562 s for (top row) f =0.5 ffg, (middle row) f =1ffg, and (bottom row)
f = 15ffg for periodic (1A and 1B) and open (1C) boundary conditions. The 1B and 1C show the high-resolution cases.
Background color is the plasma density, black lines are magnetic ﬁeld, and white arrows are plasma velocity vectors.
The white asterisks are ﬂuid elements that are used for boundary calculation. The white thick line illustrates all the
closed contours of magnetic vector potential. The closed contours that enclose higher (than surroundings) plasma
density are included in the plasma entry (entry from magnetosheath into magnetosphere) calculation. The low-density
magnetospheric plasma that is lost into the magnetosheath is excluded from plasma
entry calculation.
structures at the very early stage of the simulation, which generates a broader shear layer, thus slowing the
growth of intermediate and longer wavelength modes. In lower-resolution run (3A), by t = 562 s the three
main KH vortices havemoved slightly farther downstreamwhen compared to the higher-resolution case (3B)
and reconnection of themain island has already happened forN = 2 andN = 5 cases (forN = 10 it happened
already at t = 510 s and reconnected island has alreadymerged back to themagnetosheath). This is probably
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Figure B2. Comparison of the KHI dynamics at t = 562 s for multimode runs, N = 2–10 (CASE 3A). Each subplot is in the
same format as in Figure B1.
because the growth of the intermediate and longer wavelength modes was not disrupted by the dynam-
ics and diﬀusive boundary layer generated by the higher-frequency seeds. On the other hand, only for the
high-resolution cases with N = 5 and N = 10, the ﬁlamentary current layer of the smallest vortex located far-
thest downstreamhas been resolved allowing for reconnection to occur. It is also clear that for high-resolution
run with N = 10, a large region of low-density magnetospheric material is captured into the magnetosheath
by t = 592 s. This is classiﬁed as magnetospheric mass loss into the magnetosheath and is excluded from
mass entry calculations. Finally, the open BCs (column 3C) create larger KH structure when compared to the
periodic BCs (3A and 3B).
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Figure B3. Comparison of the KHI dynamics at t = 562 s for multimode runs, N = 2, 5, 10 for diﬀerent BCs and numerical
resolutions (CASES 3A, 3B, and 3C). Each subplot is in the same format as in Figure B1.
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